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Abstract 

In this work the resuhs of a bottleneck experiment with pedestrians are 
presented in the form of total times, fluxes, specific fluxes, and time gaps. 
A main aim was to find the dependence of these values from the bottleneck 
width. The results show a linear decline of the specific flux with increasing 
width as long as only one person at a time can pass, and a constant value 
for larger bottleneck widths. Differences between small (one person at a 
time) and wide bottlenecks (two persons at a time) were also found in the 
distribution of time gaps. 

1 Introduction 

Bottlenecks are of interest in many systems as traffic [1-4], the internet [5], the 
ASEP [6,7], evolution theory [8] and a lot more. A bottleneck typically denomi- 
nates a limited area (in a general sense) of reduced capacity or increased demand 
(e.g. on-ramps on highways). This capacity reduction can be due to a forced speed 
reduction (speed limit in traffic), a reduced movement probability (ASEP, tunnel 
effect), a reduced bias or correlation in a dynamic process (ASEP, correlated ran- 
dom walks), or a direct capacity reduction (networks, blocked highway lanes). For 
pedestrians bottlenecks are usually formed by direct capacity reduction (door or 
corridor). 

Bottlenecks are of fundamental importance in the calculation of evacuation 
times and other observables for buildings. This directly implies the need to under- 
stand the phenomenons that occur injunction with bottlenecks quite well to build 
reliable (simulation) models of pedestrian movement. Therefore there has been 
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increasing interest into pedestrian flow through bottlenecks in recent years [9-19]. 
Often such research has as one aim the construction of models of pedestrian dy- 
namics or to create data or tools to validate such models. One set of very basic tests 
that aim at giving authorities and applicants criteria to evaluate such simulation 
models can be found in [20]. Deciding in what situations a precise reproduction of 
reality is essential is one thing, knowing the reality of these situations another. In 
the present situation there are much more simulation models ( [21-40] to mention 
just a few) than empirically well investigated test scenarios. The present study aims 
at closing this gap a little bit. 

The outline of this paper is as follows. First the scenario is described in terms of 
the geometrical layout. Then the group of participants is described. The sequence 
of runs - in terms of the bottleneck's widths - might also be of some importance 
and concludes the description of the experimental setting. The section "Results" 
begins with an analysis of the starting phase and starting effects. From total times 
over fluxes, specific fluxes to the distribution of time gaps the results then proceed 
from macroscopic to microscopic data. 

2 Experimental Setting 
2.1 The Geometrical Layout 

The experiment follows test scenario 4 of [20] but exceeds it in the amount of as- 
pects considered. It took place in a building at the campus Duisburg of Duisburg- 
Essen University from 3 pm to 5 pm on the 15th of Mai 2006. The bottleneck was 
formed by two cabinets with a height of two meters and a depth of 40 centimeters. 
Note that especially compared to the experiments reported about in [9, 11], this 
bottleneck with a depth of 40 cm is rather short, i.e. it is rather comparable to a 
door than a corridor. The space in front of the bottleneck was about 4 meter wide 
and 9 meter deep with a slight increase of the width toward the back wall. At the 
beginning of each run, the participants stood right in front of the bottleneck, there 
was no noteworthy free space between them and the bottleneck. The process was 
videotaped from above (see figure and from the side. For analysis only the for- 
mer one was used. The time distance between two frames and therefore the time 
resolution is 0.033367 seconds. Higher time resolutions would have been possible, 
yet it becomes difficult at some point to distinguish between "person has not yet 
passed" and "person has passed" if the frames are too similar. The criterion for 
"person has passed" was when the first frame showed that the head of a participant 
fully crossed the line shown in figure^ The evaluation was done manually and not 
automatically by some software. In many cases it was easy for two counting people 
to agree about in which frame a person had passed the bottleneck. However, there 



also were ambiguities, where it was not easy to judge whether a participant had 
passed in one frame or only later in the next one. Ten different widths of the bottle- 




Figure 1 : A snapshot from the recordings at a bottleneck width of 40 cm. 

neck were examined: 40, 50, 60, 70, 80, 90, 100, 120, 140 and 160 centimeter. For 
each reconfiguration the width was measured with a laser distance measurement 
device and accepted if the difference to the exact value was 2 millimeter or below. 
The cabinets were weighed down (> 300 kg) to the point that the possibility of a 
displacement during a run was excluded. 

2.2 The Participants 

The majority of the 94 participants were students at Duisburg-Essen University 
(32 female, 62 male). Thus the group was rather homogeneous concerning age 
(six born before 1978, one after 1990, most around 1984) and level of fitness. 
Concerning body height there was a "female frequency peak" around 170 cm and 
a "male frequency peak" around 180 cm with approximately ten guys being taller 
than 190 cm. 

The participants have been told to be vigilant and not to dawdle, but that they 
should not think of a competition or an emergency situation. The homogeneity of 
the group must let one suspect that they are able to estimate each other's behavior 
quite well, which probably led to comparatively small time gaps. The fact that most 



of the participants are in the age of maximal physical fitness as well as maximal 
reactivity will probably have had the same effect. 

Concerning the homogeneity of the group: one will probably quite often find 
groups (defined by spatial proximity) that are significantly more homogeneous than 
a random sample of the society. There is most often a reason, why individuals meet 
and move within groups and these reasons often have a selecting effect. In fact it is 
not implausible to assume that subsets of the population that are truly representative 
only rarely gather autonomously. 

2.3 The Sequence of Runs 

The sequence of runs is shown in table [fl For the bottleneck width of 100 cm, six 



Bottleneck width 


Number of runs 


100 cm 


6 


90 cm 


3 


80 cm 


3 


70 cm 


3 


60 cm 


3 


50 cm 


3 


40 cm 


3 


120 cm 


4 


140 cm 


3 


160 cm 


3 



Table 1: The sequence of runs. 



repetitions were done for two reasons: 1) The participants were to get used to the 
situation, especially to being filmed and 2) 100 cm is the width mentioned in [20]. 
For 120 cm an extra run was done unintentionally. 

3 Results 

During the planning process the aim was to have 100 participants. As finally 94 
participants came to take part in the experiment, the idea was to fill the gap by 
telling the first six persons to walk around the cabinets in some distance and pass 
the bottleneck again. However due to the noise of the crowd this did not work out 
well in each case and so in the following the results considering the first 80 and - 
where possible - the first 100 persons are given. 



The most direct measurement is the total time from the first to the last partic- 
ipant crossing the line shown in figure [2 This implies, that the total time is the 
sum of n — 1 time gaps, if there are n participants. The flux then simply is the 
inverse of the total time multiplied by the number of persons that walked through 
the bottleneck in this time. The specific flux is the flux divided by the bottleneck 
width. Finally the distribution and evolution of time gaps - the time distances be- 
tween subsequent persons - will be given. But first the analysis will begin with the 
starting phase and therefore - to have a sufficiently detailed perspective - also with 
a look at the time gaps. 



3.1 The Starting Phase 

The question is whether the process needs some time to become static or if the 
measured observables are the same from start to end. A standard assumption would 
be an exponential relaxation of the time gaps Tq following equation (0- 

fait) =aexp{-bt) + c. (1) 

The large dispersion of the data does not necessarily select the function of equation 
Q and exclude other ones. It was chosen for reasons of simplicity as well as 
comparability to [11]. The results for the three parameters are shown in table |2l 
and for two of them together with the original data and smoothed functions Tcit) 
(following equation (|2ji) in figures |2l 

Tcit) = 7^ (2) 

with t in steps of 0.1 seconds, Nmax being the number of measurements and r 
freely set to r = 1 second or r = 10 seconds. 

The large dispersion of measurements and the fact that no trend is recognizable 
concerning the dependence of a and b on the bottleneck width make the results 
for the parameters a and b seem to be not very reliable. The negative value of 
b at 100 and 120 cm indicate, that there is either no relaxation tendency for the 
first 100 participants or that at least if there is such a tendency it is obscured by 
another effect. The positive values for a and the negative ones for b have different 
causes for 100 and 120 cm . While for 120 cm this is probably caused by the 
tailback described at the beginning of the next section, this cannot be the cause 
at a width of 100 cm, since even for the first 18 seconds the fit revealed positive 
a and negative b. In addition, there is another local RMS -minimum for a width 
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Figure 2: The original time gaps data (black "+"s) and from that data two 
smoothed functions (green and blue curves) and a regression following Tcit) = 
a exp {—bt) + c for the widths 40 and 120 cm. The numerical values for a, b, and c 
can be found in table |2l The smoothing of the blue and green curve has been done 
using a Gaussian weight dependent on the time distance between the considered 
point in time and the time of the time gap (see equation 



Bottleneck width 



a 



b 



c 



RMS adjusted 



40 cm 
50 cm 
70 cm 
80 cm 
100 cm 
120 cm 



0.127 s 
0.086 s 
0.157 s 
0.087 s 
0.006 s 
0.255 s 



0.018 1/s 
0.192 1/s 
0.024 1/s 
0.099 1/s 
-0.062 1/s 
-0.016 1/s 



1.191 s 
0.986 s 
0.897 s 
0.714 s 
0.511 s 
0.103 s 



0.208 s 0.011 

0.180 s -0.006 

0.243 s 0.010 

0.274 s -0.005 

0.296 s 0.021 

0.246 s 0.086 



Table 2: Results of a regression following equation © for the temporal evolution 
of the time gaps. 



of 100 cm at o = -0.618, b = 3.685 and c = 0.563 with a RMS only sUghtly 
smaller than for the result given in table |2l and thus a sharp and quick relaxation 
on a time scale of 1/6 = 0.27 s, which is less than most time gaps. The most 
likely conclusion seems that for 100 cm there is neither a relaxation tendency nor 
some exponential increase. Due to the short time in which the runs for 120 cm 
are completed, besides the tailback a second reason for the evolution of time gaps 
at 120 cm could in principle be that the relaxation has not been completed before 
all participants have passed. In this case, however, one would expect that this 
trend somehow can already be identified for 100 or even 80 cm and thus would 
expect different results for 80 and 100 cm than have actually been measured: b is 
comparatively large for 80 cm and a is much smaller for all other widths than 120 
cm. 

For parameter c however, there is a nice trend except for the result for a width 
of 120 cm. As for positive 6 c is the static average on the long run, it is the pa- 
rameter which should be easiest to fit. a and b are meant to show the deviation 
from the static process in the beginning. Therefore a much larger fraction of the 
measurements can be used to fit c compared to a and b. 

Another possibility to estimate the time dependence of the time gaps is to watch 
the evolution of the average time gap between person n — 1 and person n. Averag- 
ing over six (100 cm) or three (rest) runs leads to far too large fluctuations to tell 
something about starting effects. Therefore one has to average over a few consec- 
utive time gaps. A running average sample size of five was chosen. For smaller 
sample sizes the fluctuations were too large and for larger sample sizes possible 
starting effects might be averaged out too much. Figure|3]shows no starting effects 
with a possible exception at a bottleneck width of 100 cm. Or if there are trends 
in the beginning, they are not stronger than fluctuations that appear later on. Since 
the fluctuations remain larger than possible starting effects throughout the process 
anyway, there seems to be no need to take starting effects into account. 



Running Averages of Time Gaps 



Sample Size: 5 persons 





Figure 3: Running averages with a sample size of five. Tiie upper diagram includes 
data of just one run, wfiile for the lower one at first an average of the z-th time gaps 
of all runs of a certain bottleneck width has been done. A data point at position 
(i/Tc) therefore has the meaning, that the average of the time gaps i — Ato i was 
Tg. 



3.2 Total Times 



If - as a first assumption - one assumes a linear increase of the flux with the bottle- 
neck width, the total time is expected to depend like 

T^c/{w-WQ)+ti (3) 

on the bottleneck width w, with wq as minimal bottleneck width where passage is 
possible, ti the time for one person to pass the bottleneck, and c as some constant. 
If one neglects the depth of the bottleneck (a person needs no time to cross the 
line), one can set ti = 0. This is what is assumed in this work: The total time for 
N persons consists of — 1 time gaps between consecutive persons. 

Figure |4] shows a decrease of the total time until the bottleneck width reaches 
120 cm. That the decrease does not continue for wider bottlenecks is not only due 
to a normal \/w behavior, which comes close to its static value, but at least partly 
due to participants who did not leave the area behind the bottleneck fast enough. 
The available area behind the bottleneck and the possibilities to leave this area were 
not sufficient to guarantee a fast efflux of the participants at those large bottleneck 
widths. Therefore the flux through the bottleneck is not limited by the bottleneck 
itself, but by a tailback. Figure|3lvery clearly shows this effect. One can even guess 
quite precisely at what time the tailback reached the bottleneck. In other words: 
The bottleneck stopped being a bottleneck for widths of 120 cm and above, in a 
sense that the participants - due to some obstacles - couldn't leave the area behind 
the bottleneck fast enough to allow those passing the bottleneck to do this as fast as 
they could. Figure |5] shows the total times for those bottleneck widths for which a 
linear approximation appears to be possible. Please note that this is not a claim that 
there actually is a linear dependence of the total time on the bottleneck width. This 
- for reasons stated above - would not be possible over the whole range of widths 
anyway. Nevertheless an almost constant decrease of the total time should not be 
possible in a range from 50 or even 40 to 100 cm, if one assumes equation Q to 
be correct, even if one assumes wq = 20 cm, which would be rather small. 

3.3 Fluxes 

Figure |6l shows the fluxes of all runs. One of the first things noticeable is the 
increase in variation for bottleneck widths of 100 cm and above. This has at least 
two reasons: The first is trivial, as there were six instead of three runs. Second, one 
has to remember that the experiment started with a width of 100 cm. Maybe there 
has been some learning effect at the beginning of the experiment. The rather large 
variation of results for a width of 120 cm and the development of the specific fluxes 
during the 100 cm runs shown in figure Q neither fully support nor fully exclude 
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Figure 4: Total times for all runs. 




Figure 5: Total times for bottleneck widths between 40 and 100 cm. 



this possibility. And third there could indeed be a larger variation for widths of 
100 cm and above that is reproducible in further experiments independently of the 
sequence of runs or other factors. 
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Figure 6: Fluxes for all runs. 



An interesting observation can be made in figure [8l where the data region is 
confined to bottleneck widths up to 100 cm. There seems to be some deviation 
from linearity: The specific flux (the slope in figure [8l) appears to be smaller for 
bottleneck widths of 60 cm and below than for larger widths. This will now be 
examined in more detail. Further discussion of the flux itself will be made in 
section 13 where it is compared to the results of other experiments. 

3.4 Specific Fluxes 

The diagram of specific fluxes (figure|9ll shows a decrease until a width of 70 cm. It 
follows a plateau (see figurefTTTi or maybe even an small increase (see figuresjOjand 
[Tot . A non-monotonic evolution is something one would not expect. Reasons for 
this could hardly be found. Furthermore one probably would rather trust a diagram 
showing the averages (plateau) than one with a large dispersion of results (showing 
what could be interpreted as small increase). So it seems more probable that it is 
a plateau with fluctuations unveiling a minimum by chance. Why in spite of this it 
might be that there is an unincisive minimum is discussed in subsection 13.51 

For small bottleneck widths of 60 cm and below the specific flux increases since 
the participants actively increase their width usage efficiency by rotating their body 
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Figure 7: Specific fluxes (from the "80 persons data") for the six runs with a bot- 
tleneck width of 100 cm in the chronological order of the runs. From this it can 
neither be excluded nor confirmed that there is a learning effect. So it is very 
hard to decide whether the wider variation of results for 100 cm compared to the 
other widths is due to a systematic drift during the experiment, or due to normal 
statistical variation and the larger number of runs. 
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Figure 8: Fluxes for bottleneck widths between 40 and 100 cm. 
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Figure 9: Specific fluxes for all runs. 
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Figure 10: Specific fluxes for bottleneck widths between 40 and 100 cm. 
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Figure 1 1 : Average of specific fluxes. 



to the side. The reduction in the specific flux above 100 cm on the contrary surely 
is caused by the tailback, but maybe also by the participants not actively taking 
care of efficient motion, as the task of walking through a wide "bottleneck" may 
appear to be too simple to exert. 

3.5 Bottleneck Width 70 cm 

While for all other widths it appeared that the participants did not need to commu- 
nicate before passage, hesitation caused by communication appeared a number of 
times at a width of 70 cm, as is shown in figure This specialty of a width of 70 
cm was already noticed by several people enlisted in the organization of the exper- 
iment and later confirmed from the video footage. The reason for this is, that at a 
width of 80 cm the participants, while walking, displaced in a zipper-principle-like 
way: One participant rather on the left side, then one rather on the right side and 
again one rather to the left. For widths of 90 cm or above two or more participants 
were able to pass at the same time, sometimes, however, this was even possible 
at 80 cm. For widths smaller than 60 cm typically only one participant at a time 
passed. The transgression from two-at-once over zipper-principle to one-by-one 
at a width of 70 cm then caused those difficulties, as this appears to be the only 
width, where it is not obvious that typically only one person at a time can pass. So 
the reason for delay is not the time needed for communicate about earlier passage. 
If this was the case, the specific flux should be reduced for smaller bottlenecks 




Figure 12: Two participants dawdling in front of a 70 cm bottleneck. 



even more. The true reason is the late awareness that communication is necessary 
and the communication therefore falls into a time when passing would already be 
possible, leading to a dawdling phenomenon. 

It is interesting to compare this phenomenon to the results of [18]. There the 
evacuation time for competitive behavior quite sharply decreses between 70 and 
80 cm and the evacuation time for non-competitve behavior increases sUghtly be- 
tween 60 and 70 cm door width. One would have to compare the recordings to tell 
whether these two effects can be related to the need of communication about earlier 
passage. But in principle one could interpret this in the following way: If there is 
the need to communicate about earlier passage, the participants do so in the non- 
competitive scenario, which leads to dawdling effects. In the competitive scenario, 
however, they do not. This leads to some friction-like phenomenon which compen- 
sates or even overcompensates the increased speed which follows from the higher 
motivation. As soon as there is no more need for communication the higher moti- 
vation in the competitive scenario can fully unfold and leads to smaller evacuation 
times than in the non-competitive scenario. 



3.6 Time Gaps 



3.6.1 Distribution of Time Gaps 

The distribution of time gaps ( fi gures IT3]and IT4l outlines what has already been de- 
scribed in the last subsection. Where the process was a strict one-by-one sequence, 
the distribution looks rather symmetrical with a more or less distinct maximum at 
the center. The larger the width becomes, the flatter gets the distribution. It extends 
more to smaller time gaps, as passing the bottleneck side by side - in principle with 
a time gap of zero seconds - becomes possible. 



Distribution of Time Gaps 

Small bottleneck widths 




Figure 13: Distribution of time gaps: small bottleneck widths. The partitioning of the time gap categories is done such that 
each category contains two frames. 
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Figure 14: Distribution of time gaps: large bottleneck widths. The partitioning of the time gap categories is done such that 
each category contains two frames. 



Apart from this observations, the averages, standard deviations, skewnesses 
and kurtoses of the time gaps can be found in table |5| 



Bottleneck width 


Average 


Standard deviation 


Skewness 


Kurtosis 


40 cm 


1.14 s 


0.21 s 


0.59 


0.59 


50 cm 


0.98 s 


0.18 s 


0.35 


2.63 


60 cm 


0.87 s 


0.18 s 


-0.28 


4.33 


70 cm 


0.82 s 


0.25 s 


0.11 


2.33 


80 cm 


0.70 s 


0.27 s 


-0.14 


-0.06 


100 cm 


0.56 s 


0.30 s 


0.70 


2.86 


120 cm 


0.47 s 


0.26 s 


0.37 


-0.06 



Table 3: Averages, standard deviations, skewnesses, and kurtoses (defined such 
that the kurtosis of the normal distribution equals zero) of the time gaps. 



The numbers of table |5]exhibit... 

.. as expected an inversely proportional dependence of the average time gap of 
the bottleneck width. 

.. in parallel to the development of the specific flux a considerable variation 
of the product (bottleneckwidth) ■ (averagetimegap) over the different 
widths (0.46 ms for 40 cm and 0.57 ms for 70 cm). 

.. an agreement of the average with the regression parameter c (compare table 
^ that is better for small widths. 

.. standard deviations that become larger as soon as the zipper-principle ap- 
plies. The reason for the standard deviation at 40 cm being larger than the 
ones of 50 and 60 cm might be, that for 40 cm the body size plays an impor- 
tant role in the effort of passing the bottleneck. 

.. mostly positive skewness which means - compared to the normal distribution 
- many small (normal behavior) and a few large time gaps (dawdling). 

.. mostly positive kurtoses which means a sharper maximum than in the normal 
distribution. The exception at 80 cm might be a reflection of the second peak 
visible in figureEl indicating the two modes: two people side by side or one 
person walking in the middle, claiming the bottleneck alone. If one takes the 
values for 120 cm for granted, the kurtoses exhibit minima each 40 cm (at 40, 
80 and 120 cm). One can suspect, that a small kurtosis exhibits a "perfect 
fit" of a certain number of lanes into the bottleneck. However, this needs 
confirmation from other experiments. 



4 Comparison to Similar Studies 



There is a number of studies which are related in some point or another to this one. 
These studies exceed what is reported in the following, yet the focus is on those 
parts that are comparable to this experiment. In [16] the results of an evacuation 
exercise of a classroom are reported. The door in that experiment had a width of 
50 cm. The maximal efflux was found to be as large as approximately 2 persons 
per second. In the present experiment at a width of 50 cm an average flux of almost 
exactly 1 person per second (compare figure |6ll was measured and only one single 
time gap (compare figure fOl was smaller than 0.5 seconds. This implies that the 
flux observed in [16] as stable flux over a few seconds appeared only as an extreme 
value in the present experiment. This factor of 2 can be explained in its tendency, 
yet it might still appear surprisingly large: If the students were very young and far 
from being full-grown (as the focus is on the comparison with simulation results, 
neither the age nor the grade of the participants are stated) they would have used the 
available width even more efficiently than the students in the present experiment. 
The second reason might be that the depth of the door might have been noticeably 
smaller than 40 cm, allowing the pupils to wind around the bottleneck borders more 
efficiently than the students of the present study. 

This is a suiting keyword to proceed to a comparison with [9]. In that experi- 
ment the flow through a bottleneck with a depth of 5 meter and different widths (1 
and 2 meter) was measured. From the measurements it was concluded, that the flux 
is a step function with respect to the bottleneck width. This is something that could 
not be observed in the present experiment (compare figure|6ll. This is probably not 
due to the small overlap of widths (0.4 to 1.2 meter compared to 1.0 to 2.0 meter 
there) but either to the largely different depth (0.4 meter here compared to 5.0 me- 
ter there) or the conclusion of a step-function is not justified. The probability that 
the steps are obscured by the steps in which the bottleneck width was increased 
in the present experiment can be assumed to be very small. Aside from that for a 
bottleneck width of 1 meter a flux of 1.774 persons per second is reported. This 
is the result from a model calculation that is assumed to be in agreement with the 
measurement. Compared to the 1.33 persons/(m s) of [20] or the 4 persons/(m s) 
of [16] this result is quite close to the 1.85 (resp. 1.89) persons per second (com- 
pare figure ^2 of the present work. The difference can maybe be understood as 
stemming from the participants, who are representative for the population in the 
experiment of [9]. 

The study most similar to the present one is probably [II] (participants: stu- 
dents, normal behavior), where between 20 and 60 participants walked through a 
bottleneck with a depth of 2.8 meter and widths between 0.8 and 1.2 meter. Aside 
the depth, differences to the present experiment include that the borders of the bot- 



tleneck could be overlooked by all participants and that the participants closest to 
the bottleneck started 3 meter ahead of it. Thus there may have been some kind 
of sorting (faster ones reach the bottleneck earlier) and maybe even some kind of 
"confusion" as the participants form the queue immediately in front of the bot- 
tleneck. In any case is this difference in the initial condition most probably the 
reason for the difference in the distinctness of the starting phase. With A having 
the same meaning as the b from subsection 13.11 for the time gaps the difference 
with 0.16 < A < 1.00 compared to 0.01 < \b\ < 0.20 becomes evident. Concern- 
ing the flux there is quite a good agreement between both experiments. Especially 
if one considers the difference from the two ways to calculate the flux that is ex- 
hibited in [11]. There seems to be a tendency that for small widths the flux in the 
present experiment is larger, while for larger widths it is larger in [11]. An expla- 
nation might be, that for a short bottleneck the participants have more possibilities 
to increase their performance in the case of narrow bottlenecks. 

In another study [12] (participants: students, normal behavior) a significant de- 
pendence of the average flux from the initial density was found. The maximum 
efflux was measured for an initial density of 5 persons per square meter: approxi- 
mately 3.3 persons per second for a width of 120 cm and approximately 1.7 persons 
per second for a width of 40 cm, which in the latter cases is almost twice as large as 
the result of the present experiment, but - in terms of the specific flux - not as large 
as the flux in [41] (see below for details) when a column is part of the scenario. It 
is particularly interesting, that the specific flux (4.25 p./(m s) for 40 cm and 2.75 
p./(m s) for 120 cm) is larger for the smaller width, which is in agreement with the 
present experiment, however the relative difference is even larger in the experiment 
of [12] than in the present one. 

As is stated in the introduction, the participants were remembered in the begin- 
ning, that the experiment is not a competition. Consequently, the experiment didn't 
exhibit any competitive characteristics. Creating [42] a situation that is competitive 
in some respect, however, is necessary to evoke maladaptive behavior in the sense, 
that the density in front of the bottleneck rises to values where the flow through 
the bottleneck is reduced [43,44] significantly. Therefore, the present experiment 
neither examined this regime, nor does it make any claim about the probability and 
requirements for a bottleneck situation going "sub-optimal". However, contrary 
to the claim that panic-like situations reduce the efflux, the results of an experi- 
ment [41], where the participants were told to "force their way through the bottle- 
neck as fast as possible" exhibit considerably smaller average time gaps than the 
present experiment (compare table 2 of [41] with table |3ll. The smallest average 
time gap (door width 82 cm) was found to be as small as 0.275 s, which is only a 
fraction of 0.39 of the overall average of 0.70 s for a width of 80 cm of the present 
experiment and it implies a specific flux as large as 4.43 persons per meter and 



second. For the panic experiments 1-6 (without obstacle) of [41] the absolute val- 
ues of the standard deviations - rather than the relative ones - of the time gaps are 
comparable to the one stated in table |3] 

5 Summary, Conclusions, and Outlook 

In this work results of a bottleneck experiment with pedestrians were presented. 
Due to the participants being mostly in their twenties, comparatively large fluxes 
could be observed. To be precise: all specific fluxes were found to be larger than 
1.33 persons/(m s), which is a value given in [20], comparable to those of [9, 11], 
but smaller than those found in [12, 16,41]. If one takes all of the results together, 
one finds, that the specific flux seems to increase both with the motivation as well 
as the initial density. This might be in contradiction with [43] and the simulations 
of [44], where a reduction of the flux for large densities and/or over-motivation 
(panic) is reported. This contradiction could be resolved by assuming, that neither 
the initial density in [12] nor the motivation in [41] were large enough to reduce 
the flux. Another possibility would be that aixhing and clogging exist for large 
initial densities and strong motivation, but they do not overcompensate the effects 
of initial density and motivation themselves. This is, what is assumed in [12], 
where the saturation of the flux at large initial densities is attributed to clogging 
and not to the maximal capacity of the bottleneck. Third, in principle there could 
be some maximum which has not been measured yet. Appealing to the participants 
to go as fast as possible as group (i.e. minimize the total time) might help [42] to 
measure such a maximum, if it really exists. 

Sometimes it is claimed explicitly [9], sometimes assumed implicitly [45], that 
the flux is a step function of the bottleneck width. This is something that is def- 
initely not confirmed for bottlenecks with a smaller depth by the results of this 
work. While in principle it could be that there is a step function for the flux at 
deeper bottlenecks and a rather linear function for bottlenecks with depths com- 
pared to the one examined here, the agreement of this work with [11] excludes the 
step function. 

The specific flux was found to be not a constant with regard to the width, but to 
increase with declining bottleneck width for widths smaller 70 cm. This can most 
probably be imputed to the participants moving more efficiently by rotating their 
body ellipse when passing the bottleneck. This rotating of the body ellipse will 
probably not occur for bottlenecks where the depth is that large that more than one 
or two lateral steps are necessary to pass the bottleneck. 

Only a minor if not even no starting effect could be found insofar as its ampli- 
tude is much smaller than the typical variation of measurements. 



It would be very interesting to repeat the experiment with participants mostly 
older than 60 years, with a heterogeneous group or with a significant percentage 
of persons carrying luggage (airports). Another idea would be to examine the in- 
fluence of the bottleneck depth, which has been 40 cm in this work. While there 
have already been cited some works [11, 17] where bottlenecks with depths other 
than 40 cm have been examined, the depth was never varied systematically in one 
single experiment. Increasing the depth would be a transgression toward a flux in 
a corridor experiment, while smaller depths come closer to typical depths of doors. 
And finally doing the experiment with another order of bottleneck widths - e.g. 
starting with 40 cm and increasing - might lead to slightly different results. 

Concerning model building, especially the combination of insights of the set 
of experiments discussed in section |4] impressively demonstrates the richness of 
phenomenons and the number of influences that pose a challenge for any model 
builder. To mention just one example: the increased efficiency at short bottlenecks 
demands to consider the body ellipse. If this is implemented, a routine has to be 
modelled, that lets the agents in a simulation decide if they move toward a short or 
a deep bottleneck and if they therefore will rotate their body ellipse or not. 

6 Acknowledgments 

This work has been financed by the „Bundesministerium fiir Bildung und Forschung" 
(BMBF) within the PeSOS project. We thank Birgit Dahm-Courths, Lars Habel, 
Maike Kaufman, Hubert Kliipfel, Frank Konigstein, Florian Mazur, and Thomas 
Zaksek for being supportive in the conduction of the experiment, Hubert Kliipfel, 
Christian Rogsch, Andreas Schadschneider, and Armin Seyfried for some very use- 
ful discussion and of course all of the participants. 

References 

[1] V. Popkov, L. Santen, A. Schadschneider, and G.M. Schiitz. Em- 
pirical evidence for a boundary-induced nonequilibrium phase 
transition. /. Phys. A: Math. Gen., 34(6):L45-L52, 2001. 

Idoi: 10 .108 8/0305-44 70/34/671031 

[2] R. Barlovic, T. Huisinga, A. Schadschneider, and M. Schrecken- 
berg. Open boundaries in a cellular automaton model for traffic 
flow with metastable states. Phys. Rev. E, 66(4):0461 13, Oct 2002. 
Idoi : 10 . 1103/PhvsRevE. 66.046113, 



[3] B.S. Kemer and S.L. Klenov. Probabilistic Breakdown Phenomenon 
at On-Ramp Bottlenecks in Three-Phase Traffic. eprint, 2005. 
larXiv: c ond-mat/ 05 022 811 

[4] S. Syohei Yamamoto, S. Hieida, and S. Tadaki. Effects of Bottlenecks in 
Vehicle Traffic, eprint, 2006. arXiv: physics/ 60 4 72| 

[5] S. Sreenivasan, R. Cohen, E. Lopez, Z. Toroczkai, and H.E. Stan- 
ley. Communication Bottlenecks in Scale-Free Networks, eprint, 2006. 
arX.iv: cs/0604023 

[6] S.A. Janowsky and J.L. Lebowitz. Finite-size effects and shock fluctuations 
in the asymmetric simple-exclusion process. Phys. Rev. A, 45(2):618-625, 
Jan 1992. | doi : 10 . 1103/PhysRevA. 45 . 618] 

[7] S. Klumpp and R. Lipowsky. Asymmetric simple exclusion pro- 
cesses with diusive bottlenecks. Phys. Rev. E, 70(066104), 2004. 
Idol : 1 . 11 03 /Phys RevE . 70 .0661041 

[8] M. Nei, T. Maruyama, and R. Chakraborty. The Bottleneck Ef- 
fect and Genetic Variabihty in Populations. JSTOR, 29(1):1-10, 1975. 
"doi : 10 . 2307/2407137. 

[9] S.P Hoogendoorn and W. Daamen. Pedestrian Behavior at Bot- 
tlenecks. Transportation Science, 39(2): 147-159, May 2005. 
Idol : 10 ■ 12 87/ trsc. 1040. 01021 

[10] A. Kirchner, H. Kliipfel, K. Nishinari, A. Schadschneider, and M. Schreck- 
enberg. Simulation of competitive egress behavior: comparison 
with aircraft evacuation data. Physica A, 324:689-697, Jun 2003. 
Idol : 10 .1016/3037 8-4371 (03) 0007 6^ 

[11] T. Rupprecht. Untersuchung zur Erfassung der Basisdaten von Personen- 
stromen. Master's thesis, Bergische Universitat Wuppertal, FB D - Abt. 
Sicherheitstechnik, 2005. (in German, English publication in preparation) 
|http : / /ww w . f z - juelich . de/ z am/ ZAMPeople/sey fried- teac hing] 

[12] R. Nagai, M. Fukamachi, and T. Nagatani. Evacuation of crawlers and 
walkers from corridor through an exit. Physica A, 367:449-460, Jul 2006. 
IdoiTlO . 1016/ i .physa. 2005. 11 . 031| 

[13] T. Itoh and T. Nagatani. Optimal admission time for shift- 
ing the audience. Physica A, 313:695-708, Oct 2002. 
idoi: 10.1 01 6/S0378- 4371 (02) 97 9^ 



[14] Y. Tajima, K. Takimoto, and T. Nagatani. Scaling of pedestrian chan- 
nel flow with a bottleneck. Physica A, 294:257-268, May 2001. 
Idoi: 1~10167S037 8-43 71 (01) 00109-1| 

[15] Y. Tajima and T. Nagatani. Scaling behavior of crowd 

flow outside a haU. Physica A, 292:545-554, Mar 2001. 

>doi: 10.1 01 6/S0378- 4371 (00) 00 630-0. 

[16] D. Helbing, M. Isobe, T. Nagatani, and K. Takimoto. Lattice gas simulation 
of experimentally studied evacuation dynamics. Phys. Rev. E, 67(067101), 
2003. \doi : 10 . 1103/PhysRevE . 67 .0 671011 

[17] W. Daamen, S.P. Hoogendoom, and P.H.L. Bovy. First- 
order Pedestrian Traffic Flow Theory. Transporta- 
tion Research Board Annual Meeting, pages 1-14, 2005. 
jhttp: / /www. pe destrians . tudelf t . nl/publications/TRB05d%2 0tf t . pdf| 

[18] D.M. andMarrison C. Muir, H.C. andBottomley. Effects of Motiva- 
tion and Cabin Configuration on Emergency Aircraft Evacuation Be- 
havior and Rates of Egress. Intern. J. Aviat. Psych., 6:57-77, 1996. 
Idoi: 10 . 1 207/315327 108iiap0601_4| 

[19] T. Kretz, M WoM, and M. Schreckenberg. Characterizing correla- 
tions of flow oscillations at bottlenecks. Journal of Statistical Me- 
chanics: Theory and Experiment (JSTAT), P02005, February 2006. 
[doi: 10 . 108 8/ 17 42-54 687 2 6/0 2 / PO 2 05( 

[20] IMO correspondence group. Interim Guidelines for Evacuation 
Analyses for New and Existing Passenger Ships. Technical Report 
MSC/Circ. 1033, International Maritime Organisation (IMO), June 2002. 
|http : 77 www . im p . or g /includes /bias tPat a . asp/doc_id=21 88/ 1033 . pdf| 

[21] ASERI. [http : / / www . i st -net . de /| 

[22] V.J. Blue and J.L. Adler. Cellular Automata Microsimulation of 
Bi-Directional Pedestrian Flows. Transportation Research Record, 
Journal of the Transportation Research Board, 1678:135-141, 2000. 
Ihttp : / /www . ulster . net / ~ v jblue7CA^TRB9 9 . pdf| 

[23] J. Dijkstra, J. Jessurun, and H. Timmermans. A Multi- 

Agent Cellular Automata Model of Pedestrian Move- 
ment. In Schreckenberg and Sharma [48], pages 173-179. 
|http : / / www . ddss . nl/Eindhoven/publications/1 93| 



[24] N. Ketchell. A Technical Summary of the AEA 

EGRESS Code. Technical report, AEA Technology, 2002. 

|http : / /www . a eat- safety- and- risk . com/Dow nloads/Egre ss%2 0Technical%2 OSumi 

[25] T.M. Kisko, R.L. Francis, and C.R. Nobel. EVACNET4 User's Guide, Version 
10/29/98, 1998. http : / /www, ri skinf o . dk/IT/EVAC4UG FM.pdfl 

[26] R.F. Fahy. User's Manual, Exit89 v 1.01, An Evacuation Model for High-Rise 
Buildings. Quincy, MA, 1999. 

[27] E. Galea. Exodus. | http : / / f seg . gre . ac . uk/ exodus /| 

[28] T. Kretz and M. Schreckenberg. F.A.S.T. - Floor field- and Agent-based Sim- 
ulation Tool. 2006. (to be published). 

[29] D. Helbing and R Molnar. Social force model for pedestrian dynamics. Phys. 
Rev. E, 51:4282^286, 1995. |doi : 10 . 1103/PhysRevE . 51 . 4282| 

[30] S.P. Hoogendoorn, P.H.L. Bovy, and W. Daamen. Microscopic Pedestrian 
Wayfinding and Dynamics Modelling. In Schreckenberg and Sharma [48], 
pages 123-154. ISBN : 3-540-42690-6, 

[31] Legion International Limited. Legion, [http: //www, legion. biz/| 

[32] G.K. Still. Myriad. Ihtt p : / /www . crowddynamics . com/| 

[33] N. Ohi, M. Ikai, and K. Nishinari. Simulations of Evacuation Us- 
ing Small World Network. In Helbing et al. [47], pages 555-559. 
|ISBN:3-540-67091-2| 

[34] J. Kerridge and N. McNair. PEDFLOW - A System for ModeUing Pedestrian 
Movement in Occam. In B.M. Cook, editor. Proceedings ofWoTUG-22: Ar- 
chitectures, Languages and Techniques for Concurrent Systems, volume 57 of 
Concurrent Systems Engineering, pages 1-18, Amsterdam, 1999. lOS Press. 

[35] Halcrow. Paxport. |http : / /www . halcrow . com/sof tware/solutions/paxport . asp| 

[36] H. Klupfel and T. Meyer-Konig. PedGo Users' Manual, 2002. 
|http : / /www . traf f go-ht . com/ 

[37] K. Nishinari, A. Kirchner, A. Namazi, and A. Schadschneider. Extended 
Floor Field CA Model for Evacuation Dynamics. lEICE Trans. Inf. & Syst., 
E87-D:726-732, 2004. arXiv: cond-mat/0 30 62 62| 



[38] P.A. Thompson and E.W. Marchant. Simulex; Developing New Computer 
Modelling Techniques for Evaluation. In Kashiwagi [46], pages 613-624. 
[ISBN: 1-88627-900-41 

[39] Savannah Simulations AG. Simwalk. |http : / /www . simwalk . ch/| 

[40] Y. Sugiyama, A. Nakayama, and K. Hasebe. 2-Dimensional Optimal Velocity 
Models for Granular Flow and Pedestrian Dynamics. In Schreckenberg and 
Sharma [48], pages 155—160. ISBN : 3-540- 42 6 90- 6| 

[41] D. Helbing, L. Buzna, A. Johansson, and T. Werner. Self- 
Organized Pedestrian Crowd Dynamics: Experiments, Simulations, 
and Design Solutions. Transportation Science, 39(l):l-24, 2005. 
Idol: 10 ■ 1287/trsc . 1040 .010 81 

[42] A. Mintz. Non-adaptive Group Behavior. Journal of Abnormal and Normal 
Social Psychology, 46:150-159, 1951. 

[43] W.M. Predtetschenski and A.I. Milinski. Personenstrdme in Gebduden . 
Berechnungsmethoden fur die Projektierung. Verlagsgesellschaft Rudolf 
MuUer, Koln-Braunsfeld, 1971. |ISBN: 3-481-16844^ (in German, 
translation from Russian). 

[44] D. Helbing, I. Farkas, and T. Vicsek. Simulating dynamical features of escape 
panic. Nature, 401 Ml ^90, 2000. do 1:10. 1038/35035023 

[45] Musterverordnung iiber den Bau und Betrieb von Ver- 
sammlungsstdtten (Muster-Versammlungsstdttenverordnung 
MVStattV), 2002. (legal regulations for Germany; in German) 

|h ttp : / 7www . stagehands . de/pdf / 4- 7-2 4-dkn-Musterve rsammlunqsstaettenve: 

[46] T. Kashiwagi, editor. Fire Safety Science - 4th international Symposium Pro- 
ceedings, Interscience Communications Ltd, West Yard House, Guildford 
Grove, London, 1994. The International Association for Fire Safety Science. 
|ISBN:~ 8 8 627-9 00°^ 

[47] D. Helbing, H.J. Herrmann, M. Schreckenberg, and D.E. Wolf, edi- 
tors. Traffic and Granular Flow '99, Berlin Heidelberg, 2000. Springer. 

<ISBN:3-540-67091-2. 



[48] M. Schreckenberg and S.D. Sharma, editors. Pedestrian and Evacuation Dy- 
namics, Berlin Heidelberg, 2002. Springer. .ISBN: 3-540-42 6 90- 6| 



